Transmissible gastroenteritis virus (TGEV) is an enteropathogenic porcine coronavirus (13) . Infections are most severe in newborn piglets, which in general develop a fatal diarrhea. TGEV is an enveloped virus with a positive-stranded RNA genome. Among the proteins that are inserted into the viral membrane, surface glycoprotein S is the main target of the immune response to TGEV and contains four major antigenic sites (2, 4) . This protein mediates the binding of the virus to the cell surface by specific interaction with porcine aminopeptidase N, the cellular receptor for TGEV (6) . The S protein is probably also responsible for the fusion between the viral and the cellular membranes. In addition, it has hemagglutinating (HA) activity (11, 12) . Sialic acid has been shown to serve as ligand for the binding of TGEV to erythrocytes (18) . The virus is able to recognize N-acetylneuraminic acid, but more efficient binding to receptors containing another type of sialic acid, N-glycolylneuraminic acid, was observed (18) . The biological importance of sialic acid binding activity is not known. Interestingly, a related virus, porcine respiratory coronavirus (PRCV), lacks HA activity (18) . PRCV replicates with high efficiency in the respiratory tract but with very low efficiency in the gut (3). The main differences found between TGEV and PRCV are several deletions which affect the S gene and one open reading frame coding for a nonstructural protein. As a consequence, the genes of PRCV strains encode S proteins with large deletions near the N termini (e.g., 224 amino acids lacking at position 5 in the mature protein of the European isolates of PRCV) (14, 16, 19) . The deletion within the spike protein of PRCV is responsible for the loss of two antigenic sites, as indicated by the lack of reactivity with monoclonal antibodies (10, 15) . The other antigenic sites are not affected by the deletion, and this explains the serological relatedness between PRCV and TGEV. The lack of HA activity of PRCV suggested that the sialic acid binding site is located in that portion of the S protein of TGEV that is deleted in the corresponding protein of PRCV. The presence of HA activity in enteropathogenic TGEV and its absence in the respiratory variant PRCV raised the possibility that sialic acid binding activity contributes to the enteropathogenicity of TGEV.
Recently mutants of TGEV that have lost enteropathogenicity have been described (1) . The mutants had been selected for resistance to a neutralizing monoclonal antibody directed against antigenic site D (in the Paris nomenclature; site B in the Madrid nomenclature; see Fig. 2 ). As pointed out in the previous report (1) , these site D mutants differed from the wild-type virus only by point mutations within that portion of the S protein that is missing in the PRCV glycoprotein (residues 145 to 155). This finding shows that this part of the surface protein is important for enteropathogenicity. As the HA activity is also located within or close to site D (18) , it was of interest to analyze these mutants for HA activity.
The high-passage Purdue-115 strain (9) of TGEV was propagated in swine testicular (ST) and LLC-PK1 cells. The selection and characterization of the escape mutants have been described elsewhere (1, 4, 5) . The mutants were grown in ST cells and harvested 1 day after infection. The supernatant was clarified by low-speed centrifugation (2,000 ϫ g, 10 min) and, following the addition of 10% fetal calf serum, was stored at Ϫ80ЊC.
We have shown recently that the HA activity of TGEV can be observed only transiently during infection. By 48 h postinfection (p.i.), HA virus is detectable in the supernatant only if the sample is treated with sialidase (neuraminidase), an enzyme that releases terminal sialic acids, both N-acetylneuraminic acid and N-glycolylneuraminic acid (18) . It appears that the enzyme treatment is required to inactivate competitive inhibitors on the viral surface. We found that the HA activity of TGEV can be induced not only by sialidase treatment of virions but also by sialidase treatment of cells prior to infection. For this purpose LLC-PK1 cells were incubated with 200 mU of sialidase from Clostridium perfringens (type X; Sigma) in 200 l of phosphate-buffered saline (PBS). After 1 h, the enzyme was removed by three washings with PBS and the cells were infected with TGEV. At different times after infection, the supernatant was analyzed for HA activity. As shown in Fig. 1 , lower panel, virions released from the pretreated cells had HA activity that was detectable at 12 h p.i. and reached the maximum value around 60 h p.i. Sialidase treatment of these virions resulted in somewhat increased HA titers. By contrast, for virions released from untreated cells hemagglutination was detectable only at the earlier time points, with a maximum between 20 and 30 h after infection. After 48 h p.i. no HA activity was measurable (Fig. 1, upper panel) . The HA activity of the control virus could be recovered by treatment of the virions in the medium with sialidase (upper panel). Essentially the same result as that shown in Fig. 1 was obtained when ST cells were treated with sialidase prior to infection by TGEV. These findings suggest that hemagglutination inhibitors are present on the cell surface prior to infection. Obviously, these inhibitors are not regenerated by the confluent cells during infection. Sialidase treatment of cells is more convenient than sialidase treatment of virions, because the enzyme can easily be washed away from the adherent cells, while a centrifugation step is required in the case of virions. Therefore, this method was used to analyze the site D mutants of TGEV described in the introductory section for HA activity.
As shown in Fig. 2 , among the five site D mutants, only mutant m9 was able to agglutinate erythrocytes. The enteropathogenicity of this mutant was only somewhat reduced compared to that of the wild-type virus (1). On the other hand, no HA activity was detected with site D mutants m5, m6, m8 and m10, which had lost enteropathogenicity. The presence of virus in the mutant preparations is indicated by the infectivity titers. These results show that the defined mutations in the S protein within positions 145 to 155 affect both the enteropathogenicity and the HA activity of TGEV. As a control, we analyzed mutants that had been selected for resistance to antibodies directed against site A, B, or C (4). These mutants have not lost pathogenicity. As shown in Fig. 2 (lower four lines) , each of these mutants (48.1, 25b.21, 20.9, and 3b.5) was able to agglutinate chicken erythrocytes. This result supports our conclusion that there is a connection between sialic acid binding activity and the enteropathogenicity of TGEV. The comparison of TGEV and PRCV had already suggested that the portion of the S protein that is missing in PRCV is involved in sialic acid binding activity (18) . As 224 amino acids within the S protein of PRCV are lacking compared to the surface protein of TGEV, the location of the sialic acid binding domain could only roughly be determined. Our findings pinpoint amino acids 145 to 155 as being part of the sialic acid binding site. In addition, our results provide strong evidence for our view that sialic acid binding activity is involved in the enteropathogenicity of TGEV. This is consistent with a previous report that pathogenic strains other than the Purdue-115 strain also have HA activity (11, 12) . We would like to point out that loss of pathogenicity is not necessarily associated with the loss of HA activity. Factors other than sialic acid binding activity contribute to pathogenicity. Loss or inactivation of any of these factors would result in an attenuated virus that retains HA activity.
How sialic acid binding activity may contribute to the enteropathogenicity of TGEV is presently not clear. The binding activity is dispensable for virus growth in cell culture. Both (2) of the antigenic sites are given. In the lower part of the figure, the infectivity and the HA activity of TGEV mutants are shown. The m mutants were selected for resistance to monoclonal antibodies directed against site D (Paris nomenclature). The other mutants were selected for resistance to antibodies directed against the antigenic sites indicated in brackets. The enteropathogenicity is indicated according to the mortality rates (number of animals that died/number of animals tested) described by Bernard and Laude (1): 0/3 (Ϫ), 2/3 (ϩ), and 3/3 (ϩϩ). n.d., not determined. The infectivities of the wild-type and the mutant viruses were determined by a plaque assay. HA activity was determined according to published procedures (17, 18) with a 0.5% suspension of chicken erythrocytes.
TGEV and PRCV grow well in cell culture with aminopeptidase N as a receptor (6, 7) . Also, the virus yield of the site D mutants in ST or LLC-PK1 cells was comparable to that of the wild-type virus. As aminopeptidase N is an abundant protein in the intestinal tract, it is not obvious why additional binding activity is required for infection of intestinal cells. Moreover, sialic acid binding activity is sensitive to competitive inhibitors. Other enveloped viruses that use sialic acid as a receptor determinant for binding to cells contain a receptor-destroying enzyme, a neuraminidase or an acetylesterase (8) . This enzyme is able to inactivate inhibitors. These findings do not exclude a role for sialic acid binding activity in the attachment of TGEV to intestinal cells. However, an alternative explanation for the importance of sialic acid binding activity should also be considered. Coronaviruses like TGEV are exceptional among enterotropic viruses because they contain a lipid envelope. How TGEV can cope with the unfavorable conditions in the alimentary tract is not known. One possibility is that sialic acid binding activity may increase the stability of the virions by the binding of virus to sialoglycoconjugates. An increased stability would help virions to survive the passage through the gastrointestinal tract.
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